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• Relativistic quantum field theory
• Yukawa interaction 𝑉 = 𝑔 $𝜓𝜓𝜙: scalar boson field (𝜙)

• Non-Abelian gauge theory: massless gauge boson

• Standard model: Higgs boson

• Scalar 𝜙! model

Quantum simulation of QFT → simulate boson field

Advantage of quantum simulation: non-equilibrium, strong interaction, large lattice, …

Quantum simulation of bosons: much less developed compared to simulation of fermions, 

which is investigated along with quantum computing of quantum chemistry models



Scalar 𝝓𝟒 model

• One of the simplest non-trivial model

• Simulate Hamiltonian (instead of Lagrangian)

• Spatially discretize the continuous field model 

onto a lattice model

• Continuous model with Lorentz invariance 

recovers in the limit 𝑎 → 0



Steps of the quantum simulation algorithm

• Boson encoding

• Boson Hamiltonian → qubit Hamiltonian

• Initial state preparation

• Vacuum state

• Measurements

• Correlation functions → Green’s function



• Fermion digital quantum simulation:
Fermions → qubits : Jordan–Wigner, Bravyi-Kitaev, etc.

Boson encoding → position basis for 𝝓𝟒 model

𝐻 = 𝜔%𝑎† %𝑎
= !

"
'𝜙" + %𝜋"

%𝑎† %𝑎 𝑛 = 𝑛 𝑛

'𝜙 𝜙 = 𝜙|𝜙⟩

Position basis is more convenient for the  𝜙' term 

Ref: Phys. Rev. Lett. 121, 110504

Boson encoding scheme
Position basis encodingNumber basis encoding



Time evolution & measurement in position basis

Qubit count 𝑁 per site ~log"1.5 𝑛#$%&''
Time evolution 𝑂(poly (𝑛()%*𝑁, 1/𝜖))

Measurement 𝑂(𝑛()%*𝑁")

• Time evolution

• 𝑒+,-[/ 0 12 3 ] = 𝑒+,-/ 0 𝑒+,-2 3 + 𝒪(𝛿")

• 𝑒+,-2 3 : diagonal unitary operator in position basis

• 𝑒+,-/ 0 : QFT+5 𝐷 QFT, where 𝐷 is a diagonal unitary operator

• QFT: 𝑂(𝑛()%* 𝑁")

• Measurement
• ⟨𝑂 𝜙 ⟩: measure all qubits

• ⟨𝑂′ 𝜋 ⟩: QFT and then measure all qubits

𝐻 = 𝐾 𝜋 + 𝑈(𝜙)

[Ref: New J. Phys 16 (2014) 033040]

QFT circuit implementation



Vacuum state preparation of scalar 𝝓𝟒 model

H(h=1)|0⟩

Adiabatic state 
transfer

H(h=0) |𝑔⟩

Variational preparation
of ground state

Local Hamiltonian Coupling between sites

𝑒!"#$(&'() … 𝑒!"#$(&'*+&)𝑒!"#$(&'+&)𝑒!"#$(&',)

Advantage:

1. Efficient variational preparation compared to 
Kitaev-Webb method [arXiv:0801.0342 (2008)]

2. Prepare the vacuum state for any 𝜆6 and 𝑚6
"

(including 𝑚6
" < 0)

Optimize circuit parameters to minimize ⟨𝐻 ℎ = 0 ⟩

…

# of layers: 𝑛𝑙𝑎𝑦𝑒𝑟



Measuring correlation functions

• Measure Δ 𝑗, 𝑘, 𝑡(, 𝑡, = 𝑇𝜙- 𝑡( 𝜙. 𝑡, on quantum processor
• Green’s function /Δ by Fourier transform Δ on a classical computer

• Quantum algorithm to measure time ordered correlation function [Ref: PRA 65, 042323 (2002)]
𝜙- 𝑡 𝜙, 0 = 𝑈(−𝑡)𝜙-𝑈(𝑡)𝜙,

𝜙6 𝜙7𝑈(𝑡)



How much can we do today?

• Forced harmonic oscillator: 𝐻 = (
*
𝑝* + (

*
𝑥* − 7𝑥

• Variational ground state preparation by a pretrained 

circuit using a classical computer

• Run the program on a Google’s quantum device

Adoption to 
Google’s device 
native gate set

• Acceptable result for gate count <100

• Adiabatic state transfer & correlation function: 

preliminary gate count estimate ~10/

…

# of layers: 𝑛𝑙𝑎𝑦𝑒𝑟



• Quantum simulation algorithm for scalar 𝜙' theory

• Local ground state: optimizing a variational circuit for local Hamiltonian

• Vacuum state: adiabatically turn on the coupling between sites

• Green’s function: measure time-ordered correlation function

• Implementation status

• Local ground state preparation: demonstration on currently available processor with errors

• Vacuum state preparation & Green’s function: not for today hardware

• On-going work

• Quantum resource estimation

• Error-mitigation scheme

Summary
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